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The aim of this work was to elucidate the oxidative foldingmech-
anism of themacrocyclic cystine knot proteinMCoTI-II.We aimed
to investigate how the six-cysteine residues distributed on the cir-
cular backboneof the reducedunfoldedpeptide recognize their cor-
rect partner and join up to form a complex cystine-knotted topol-
ogy. To answer this question, we studied the oxidative folding of the
naturally occurring peptide using a range of spectroscopicmethods.
For both oxidative folding and reductive unfolding, the same disul-
fide intermediate species was prevalent and was characterized to be
a native-like two-disulfide intermediate in which the Cys1–Cys18
disulfide bondwas absent.Overall, the foldingpathwayof this head-
to-tail cyclized protein was found to be similar to that of linear
cystine knot proteins from the squash family of trypsin inhibitors.
However, the pathway differs in an important way from that of the
cyclotide kalata B1, in that the equivalent two-disulfide intermedi-
ate in that case is not a direct precursor of the native protein. The
size of the embedded ring within the cystine knot motif appears to
play a crucial role in the folding pathway. Larger rings contribute to
the independence of disulfides and favor an on-pathway native-like
intermediate that has a smaller energy barrier to cross to form the
native fold. The fact that macrocyclic proteins are readily able to
fold to a complex knotted structure in vitro in the absence of chap-
erones makes them suitable as protein engineering scaffolds that
have remarkable stability.
Although it is widely accepted that the folding of proteins is governed
exclusively by their amino acid sequence (1), the prediction of the three-
dimensional structure of a biologically active protein from its primary
sequence remains an unsolved challenge. The importance of protein
folding is highlighted by the causes of debilitating diseases such as
Alzheimer disease, cystic fibrosis, and Creutzfeld-Jakob disease (2, 3),
which are attributed to the loss of biological functions of specific pro-
teins due to their inability to either fold or remain correctly folded. An
understanding of protein folding should provide a greater opportunity
to devise novel approaches for the treatment of these and other protein
misfolding diseases.
In proteins containing cysteine residues, the oxidative formation of
native disulfide bonds is an integral part of the folding process. In such
proteins, conformational folding is coupled with disulfide formation in
the process of oxidative folding. Because disulfide bonds play key roles
in the stabilization of three-dimensional structures in vivo but their
formation in a cellular environment is poorly understood, the study of
oxidative folding in vitro offers a valuable tool to understand the com-
plex pathways by which native disulfide formation takes place. In par-
ticular, the study of oxidative folding is facilitated by the ability to isolate
discrete (disulfide-bonded) intermediates, something that cannot be
achieved in studies of conformational folding of non-disulfide-contain-
ing proteins.
Model studies of oxidative folding of cysteine-rich proteins, such as
bovine pancreatic trypsin inhibitor (4, 5) and ribonuclease A (6, 7) have
established a basis for understanding this process. Most oxidative fold-
ing studies reported to date have involved the isolation of stable inter-
mediates by liquid chromatographic purification of acid-quenched fold-
ing reactions followed by structural elucidation and disulfide
connectivity analysis. The oxidative folding pathways analyzed so far
can be classified in terms of the number and types (i.e. native or non-
native) of disulfide bonds present in the intermediate species. Interest-
ingly, different combinations of intermediates have been found for dif-
ferent proteins, and it is not clear how the primary amino acid sequence
or a particular three-dimensional fold relates to a particular type of
oxidative folding pathway. Thus there is a need for detailed studies on
specific protein classes, and in this paper, we report on a class where the
final disulfide network is particularly interesting in that it forms a “knot-
ted” structure.
Specifically, the current study is directed at understanding the oxida-
tive folding process for an intriguing class of cystine knot proteins that
also have amacrocyclic backbone (8, 9). In cystine knot proteins (10, 11),
two disulfide bonds and their connecting backbone segments form an
embedded ring that is penetrated by a third disulfide bond, as high-
lighted in Fig. 1. Oxidative folding studies of cystine knots, such as
hirudin (12), tick anti-coagulant protein (12), Amaranthus -amylase
inhibitor (13, 14), and potato carboxypeptidase inhibitor (15) reported a
highly heterogeneous mix of one-, two-, and three-disulfide intermedi-
ates, amongwhich some contained non-native disulfide bonds. Another
cystine knot, the trypsin-specific inhibitor from the squash plant Ecbal-
lium elaterium (EETI-II)4 (16) forms a predominant oxidative folding
intermediate that is only partially oxidized and contains only native
disulfide bonds. This kind of folding pathway has also been detected for
other cysteine-rich proteins that are not cystine knots, for example epi-
* The studies described herein have been supported by a grant from the Australian
Research Council. The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
□S The on-line version of this article (available at http://www.jbc.org) contains supple-
mental data.
1 Australian Research Council postdoctoral fellow.
2 A National Health and Medical Research Council industry fellow.
3 Australian Research Council professorial fellow. To whom correspondence should be
addressed: Institute for Molecular Bioscience, University of Queensland, Brisbane
4072, Queensland, Australia. Tel.: 61-7-3346-2019; Fax: 61-7-3346-2029; E-mail:
d.craik@imb.uq.edu.au.
4 The abbreviations used are: EETI-II, E. elaterium trypsin inhibitor I; MCoTI-II, M. co-
chinchinensis trypsin inhibitor II; CCK, cyclic cystine knot; CM, carboxyamidomethyl-
ated; RP-HPLC, reverse-phase high performance liquid chromatography; DTT, dithio-
threitol; MS-MS, tandem mass spectrometry; TOCSY, total correlation spectroscopy;
NOESY, nuclear Overhauser effect spectroscopy; ppm, parts/million.
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 281, NO. 12, pp. 8224–8232, March 24, 2006
© 2006 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.
8224 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 281•NUMBER 12•MARCH 24, 2006
 at UQ Library on October 10, 2016
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
 at UQ Library on October 10, 2016
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
 at UQ Library on October 10, 2016
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
dermal growth factor (17), hen egg white lysozyme (18), and insulin-like
growth factor I (19).
The class of proteins we have examined here is the cyclotides (20, 21),
which are characterized by a cystine knot that is embedded within a
macrocyclic backbone, defining a motif referred to as the cyclic cystine
knot (CCK). As might be imagined, the combination of a macrocyclic
backbone and a knotted cross-bracing motif makes the cyclotides
extremely stable, and they maintain structure and biological activity
after extremes of thermal, proteolytic and chemical exposure (22, 23).
As well as being exceptionally stable, the cyclotides are functionally
diverse and display a wide range of activities, including antimicrobial
activity, enzyme inhibition, and anti-HIV activity as well as insecticidal
properties, making them attractive candidates for both drug design and
agricultural applications, both in their native forms and as molecular
scaffolds for the incorporation of novel bioactivities (24, 25).
Given the topological complexity of the CCK motif, it is of great
interest to determine how it is formed; i.e.what is the order in which the
three interlocked disulfide bonds are made? A preliminary study on the
prototypic cyclotide kalata B1 showed that this uterotonic peptide folds
to its native disulfide connectivity via a pathway that involves accumu-
lation of a two-disulfide native-like intermediate species that surpris-
ingly is not a direct precursor of the native species (26–28). Given this
surprising result, it was of interest to examine oxidative folding in
another subclass of CCK protein. In the current study, we examine the
oxidative folding of MCoTI-II (Momordica cochinchinensis trypsin
inhibitor II). As the name suggests, this molecule is a trypsin inhibitor
isolated from seeds of the tropical fruit M. cochinchinensis. It was first
isolated in 2000 (29), and its structure was independently determined
soon after by two groups (30, 31). Fig. 1 shows the sequence and struc-
ture of MCoTI-II and highlights the disulfide bonds arranged in a CCK
motif.
MCoTI-II belongs to the trypsin inhibitory subfamily of cyclotides
and is quite different in sequence to the other two subfamilies, the
Mo¨bius subfamily of which kalata B1 is a member, and the bracelet
subfamily (28, 29). Indeed, it is more homologous to a family of acyclic
trypsin inhibitors from plants in the Cucurbitaceae family known as
squash protease inhibitors. These include EETI-II (32, 33) and Cucur-
bita maxima trypsin inhibitor-1 (34, 35) for which structures have been
reported both free in solution and bound to the proteases they inhibit.
The structure of MCoTI-II is similar to its linear counterparts apart
from the presence of a linker joining what would otherwise have been
the termini of the protein and forming loop 6 of the macrocyclic back-
bone (see Fig. 1 for a definition of the loops in cyclotides). The cystine
knot is present both in the linear and the cyclic versions of these trypsin
inhibitors and is amajor stabilizing factor of them.The oxidative folding
of EETI-II is characterized by the presence of a native-like two-disulfide
intermediate species that is a direct precursor of the native species (33).
In the present study, the availability of functionally related cyclic and
linear counterparts of a cystine-knotted protein provides an opportu-
nity to examine the contribution of the cyclic backbone to the oxidative
folding process of cystine knots.
EXPERIMENTAL PROCEDURES
Isolation of MCoTI-II—MCoTI-II was extracted from the dormant
seeds of M. cochinchinensis as described previously (29) and purified
using RP-HPLC.Masses were analyzed using an electrospray ionization
time-of-flight Micromass LCT mass spectrometer.
Oxidative Folding and Reductive Unfolding—Oxidative folding was
performed in 0.1 M NH4OAc, pH 8.5, 0.1 mg/ml MCoTI-II at 25 °C,
containing varying concentrations of reduced glutathione from 1 to 5
mM to mimic the biochemical environment of oxidative folding in vivo.
For reductive unfolding, purified native or IIa species (0.1 mg/ml) was
dissolved in 0.1 M NH4HCO3, pH 8.0, containing 75 mM DTT at 25 °C.
Aliquots were removed at various time intervals and quenched with 4%
trifluoroacetic acid. Samples were analyzed using a Phenomenex RP-
HPLC C18 column (150 4.6 mm, 3 m) with linear gradients of sol-
vents A (H2O/0.05% trifluoroacetic acid) and B (90%CH3CN/10%H2O/
0.05% trifluoroacetic acid) at a flow rate of 0.3 ml/min.
Carboxyamidomethylation—Purified IIa was dissolved in 0.5 M Tris
acetate, pH 8.0, containing 2 mM Na2EDTA and an excess of iodoacet-
amide. The reaction was quenched after 1 min with 0.5 M sodium cit-
rate, pH 3.0. The reaction mixture was purified on a semipreparative
RP-HPLC (250 10 mm, 4 m) C18 column.
Enzymatic Digestion andNanosprayMS-MS Sequencing—The disul-
fide connectivities of intermediate IIa were determined via trypsin
and/or -chymotrypsin digestion of the reduced carboxyamidomethyl-
ated analogue of IIa. After purification to 98%, this species was incu-
bated at 37 °C in 0.1 M NH4HCO3, pH 8.0, with a protease:protein ratio
of 1:20. The digestions were quenched after 2 h by the addition of an
equal volume of 0.5% formic acid and desalted using Ziptips (Millipore).
The fragments resulting from the digestion were examined first by
matrix-assisted laser desorption ionization time-of-flight mass spec-
trometry followed by sequencing by nanosprayMS-MSon aQStarmass
spectrometer. A capillary voltage of 900Vwas applied, and spectra were
acquired between m/z 60–2000 for both time-of-flight spectra and
product ion spectra. The collision energy for peptide fragmentation was
varied between 10 and 50V, depending on the size and charge of the ion.
MS-MS spectra were examined and sequenced based on the presence of
both b and y series of ions present (N- and C-terminal fragments).
NMR Experiments—Samples for NMR spectroscopy were prepared
by dissolving the protein in 90%H2O, 10%D2O, and 0.1% trifluoroacetic
acid to final concentrations of 0.5–0.7 mM. The trifluoroacetic acid was
used to maintain a constant pH of 2 to prevent the oxidation and/or
reshuffling of cysteine residues. Spectra were recorded on Bruker ARX
500 or Bruker ARX 600 NMR spectrometers at a temperature of 290 K.
For TOCSY experiments, the mixing time was 80 ms and for NOESY,
the mixing time was 200 ms. Slowly exchanging amide protons were
identified by recording a series of one-dimensional and TOCSY spectra
at 290 K over 20 h immediately after dissolution of a sample in 100%
D2O and 0.1% trifluoroacetic acid. Two-dimensional spectra were col-
lected with 4096 data points in the f2 dimension and 512 increments in
the f1 and processed usingTopspin (Bruker) software. The f1 dimension
was zero-filled to 2048 real data points, with the f1 and f2 dimensions
multiplied by a sine-squared function prior to Fourier transformation.
One-dimensional spectra were recorded with 32,768 points over a
12-ppm spectral width.
RESULTS
The main aim of this work was to elucidate the oxidative folding
mechanism of the macrocyclic knotted peptide MCoTI-II. Put simply,
how do the six-cysteine residues distributed on the circular backbone of
the reduced unfolded peptide recognize their correct partner and join
up to form a complex knotted topology? To answer this question, which
is summarized in Fig. 1, we isolated a sample of the naturally occurring
peptide and studied its folding/unfolding using a range of spectroscopic
methods. The native peptide was extracted from the seeds of M. co-
chinchinensis as described previously (29) and purified over several
rounds of preparative and semipreparative RP-HPLC. The identity and
purity of the isolated peptide were verified by mass spectrometry.
Oxidative Folding ofMCoTI-II
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Oxidative Folding and Reductive Unfolding ofMCoTI-II—The oxida-
tive folding pathway of MCoTI-II was examined at the level of individ-
ual disulfide species using acid quench RP-HPLC. First, oxidative fold-
ing of cyclic reduced species was studied in the presence of different
concentrations of reduced glutathione to determine its role in the
mechanism and rate of the folding process. Fig. 2 shows RP-HPLC
traces that monitor the oxidative folding of the reduced peptide at pH
8.5 in 0.1 M ammonium acetate buffer with 2 mM reduced glutathione.
The chromatograms show that the oxidative folding pathway is homo-
geneous, and there are only two species that are detected in significant
amounts, namely the native species (N) and a folding intermediate (IIa).
The native species accumulates to90% of the overall protein content,
indicating highly efficient disulfide formation. We also examined the
oxidative folding at a higher concentration of reduced glutathione (5
mM) and found that the mechanism did not change by increasing the
reducing potential of the folding buffer. Increasing the reducing poten-
tial does increase the rate of formation of the native species but not the
overall yield.
Previously, it has been shown thatMCoTI-II is prone to /-aspartyl
isomerization, which introduces an extra CH2 group into the peptide
backbone at the Asp31-Gly32 linkage in loop 6. The isomerization reac-
tion is accelerated by alkaline pH, and the -aspartyl isomer of
MCoTI-II is separately detectable, eluting before the -isomer on RP-
HPLC. Fig. 2A shows that, during refolding of the -aspartyl isomer,
small amounts of the-aspartyl isomer are obtained, whereas in Fig. 2B,
the complementary reaction is evident; from purified reduced -aspar-
tyl isomer, small amounts of the oxidized -aspartyl are obtained. The
two isomers have been separated on RP-HPLC, and their structures
have been studied via two-dimensional NMR (30). We found here that
the -aspartyl isomer of MCoTI-II follows the same oxidative folding
mechanism as the -aspartyl isomer and has a similar rate constant.
This shows that small structural perturbations in loop 6 are not crucial
for the folding pathway.
The reductive unfolding ofMCoTI-II was found to be pH-dependent.
MCoTI-II was highly resistant to reduction at pH 3 with 20 mM tris(2-
FIGURE 1.Oxidative folding of the cyclic cystine
knot protein MCoTI-II. The figure schematically
shows the process of oxidative folding, which
involves both conformational folding and oxida-
tion of six thiol groups into the complex cystine
knot. The starting point for oxidative folding is the
fully reduced cyclic species on the left side, which
transforms into the native three-dimensional
structure of MCoTI-II shown on the right side. The
numbering and connectivity of the six cysteine
residues and the secondary structural features of
MCoTI-II (-hairpin centered in loop 5 and a -turn
in loop 2) are indicated. The cystine knot com-
prises the ring formed by disulfides I–IV and II–V
and their connecting backbone segments, with
the third disulfide (III–VI) penetrating the ring. The
primary sequence of MCoTI-II with disulfide con-
nectivities is indicated at the bottom of the figure.
FIGURE 2. Oxidative folding and reductive unfolding of MCoTI-II. A, time-resolved RP-HPLC traces of oxidative folding of MCoTI-II starting from purified reduced species
(conditions: 0.1 mg/ml MCoTI-II, 0.1 M NH4OAc, 2 mM reduced glutathione, pH 8.5, 25 °C). B, time-resolved RP-HPLC traces of oxidative folding of MCoTI-II starting from the purified
-aspartyl analogue of the reduced species (conditions: 30 M MCoTI-II, 0.1 M NH4OAc, 2 mM reduced glutathione, pH 8.5, 25 °C). C, time-resolved RP-HPLC traces of reductive
unfolding of MCoTI-II starting from purified native species (conditions: 0.1 mg/ml MCoTI-II, 0.05 M NH4HCO3, 75 mM DTT, pH 8.0, 25 °C).
TABLE 1
ESI-MS data for the different disulfide species of MCoTI-II
Disulfide content of the intermediate species was confirmed with electrospray ion-
ization mass spectrometry.
Species Theoreticalmass
Experimental
mass
Da
Native (N) 3453.5 3452.8
Reduced (R) 3459.5 3458.8
2 Disulfide intermediates IIa, IIb, and IIc 3455.5 3454.8
2CM-IIa 3569.5 3568.8
Oxidative Folding ofMCoTI-II
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carboxyethyl) phosphine hydrochloride and did not produce a signifi-
cant amount of any of the refolding intermediates or the reduced pep-
tide over 8 h. However, at pH 8.0, reduction with DTT easily produced
90% of fully reduced species within 30 min (Fig. 2C). Similar to the
process of oxidative folding, the reductive unfolding pathway features
the native (N), fully reduced (R), and the intermediate species (IIa)
detected previously and a small number of other intermediate species. It
is therefore clear that MCoTI-II is not only oxidized via this intermedi-
ate species but is also reduced via this species. The intermediate species
was confirmed to be the same in both the oxidative and the reductive
process by RP-HPLC retention time, electrospray ionizationmass spec-
trometry, and later by its disulfide content. It was confirmed to be a
two-disulfide species by liquid chromatrography-mass spectrometry.
Similarly, two other minor intermediates, IIb and IIc, appearing on the
reductive unfolding pathway (see Fig. 2C) were found to be two-disul-
fide species. Amass spectrometric confirmation of the disulfide content
of the various species detected in oxidative folding and reductive
unfolding is given in Table 1.
Disulfide BondConnectivity of IIa—Itwas important to determine the
disulfide connectivity of the main two-disulfide intermediate to under-
stand the detailed mechanism of disulfide formation in MCoTI-II. A
sample of IIa was isolated by partially reducing native MCoTI-II for 4
min (Fig. 3A), as it was seen in the reductive unfolding studies that, at
this time point, the protein exists primarily as the IIa species. The inter-
mediate was purified by RP-HPLC (Fig. 3B) and subjected to carboxy-
amidomethylation with iodoacetamide. The carboxyamidomethylated
species, referred to as 2CM-IIa, was isolated using RP-HPLCwith99%
purity (Fig. 3C). Electrospray ionization mass spectrometry of purified
IIa and 2CM-IIa confirmed that IIa is a two-disulfide intermediate (Table
1). Hence, it remained to determine the identity of the missing disulfide
bond. This was done by fully reducing 2CM-IIa to a species with four
thiol groups (Fig. 3D) and then partially digesting it with trypsin and/or
-chymotrypsin for 2 h before sequencing the fragments using tandem
mass spectrometry. It was confirmed that IIa is missing the Cys1–Cys18
bond (Table 2).
Three-dimensional Structural Features of IIa—After isolating IIa in
high purity, it was subjected to two-dimensional NMR analysis to com-
pare its structural features to the native species. Two-dimensional
TOCSY and NOESY spectra were obtained for pure native (N), inter-
mediate (IIa), and its derivative species with the two carboxyamidom-
ethylated cysteines (2CM-IIa). The spectra were assigned, and the fin-
gerprint regions for the three species are shown in Fig. 4. The amide
signals are well dispersed, and from the large number of cross-peaks in
the NOESY spectra, it is clear that all three species have well defined
structures. The chemical shifts of the H protons of the native species
are the same as those reported previously (30).
A plot ofH chemical shifts against the residue number for the native,
IIa, and 2CM-IIa species shows that IIa and 2CM-IIa are structurally very
similar to the native species (Fig. 5A), with the shift differences rarely
exceeding 0.1 ppm for any given H in the sequence. The main differ-
ences in shifts between the species are clustered near Cys1-Ile4 and
Ala17-Ile19. Figs. 5, B andC, highlight the regions in IIa and 2CM-IIa that
differ by 0.1 ppm in chemical shift from the native protein and illus-
trate that the regions coincide exactly with the missing native disulfide
bond Cys1–Cys18 and nearby residues. Because the rest of the chemical
shifts are similar to thoseof thenativeprotein, it canbe inferred that the two
disulfides of IIa are the two remaining native disulfides of the cystine knot
(Cys8-Cys20, Cys14-Cys26; i.e.CysII-CysV and CysIII-CysVI; see Fig. 1).
Oxidative Folding and Reductive Unfolding of IIa—To determine
whether IIa is a direct precursor of native MCoTI-II, the oxidative fold-
ing and reductive unfolding of this intermediate were studied. Fig. 6A
FIGURE 3. Preparation of 2CM 4SH IIa. The disulfide structure of intermediate IIa was
determined by proteolytic digestion of its modified version (2CM 4SH IIa). Schematic
representations of the disulfide structures used to decipher the folding pathway are
illustratedon the right sideof the figure.NativeMCoTI-IIwas isolatedand thenpurified to
99% purity by RP-HPLC (A). It was then partially reduced for 4 min by 75 mM DTT and
purified again using RP-HPLC. IIa was isolated on analytical RP-HPLC (B), the thiol groups
on the reduced cysteine residueswere carboxyamidometylated, and the “capped” 2CM-
IIa species was purified (C). This species was reduced with 75 mM DTT to remove the
remainingdisulfidebonds (D), because cyclotides are known tobeable tobedigestedby
proteolysis only when their disulfides are removed.
TABLE 2
Peptide sequencing of a partial trypsin digest of 2CM 4SH IIa
Peptide fragments of proteolytic digests of a modified version of the IIa folding intermediate were sequences by tandemmass spectrometry. CM cysteines are cysteines that
get carboxyamidomethylated in IIa species and, hence, directly identify reduced cysteines in IIa species.
Fragment
sequence
Theoretical
mass, MWT
Experimental
mass, MWE MWE-MWT
CM cysteines
(fromMS/MS)
Da Da Da
Cys14-Lys3 2255.86 2373.87 118.01 2 (Cys1, Cys14)
Asp11-Arg21 1136.40 1195.42 59.02 1 (Cys14)
Asp11-Lys3 2572.95 2690.98 118.03 2 (Cys1, Cys14)
Arg10-Lys3 2729.05 2847.08 118.03 2 (Cys1, Cys14)
Cys8-Lys3 2987.15 3106.16 119.03 2 (Cys1, Cys14)
Oxidative Folding ofMCoTI-II
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shows RP-HPLC traces of the oxidative folding process from purified IIa
under the same conditions as pure reduced specieswas folded in Fig. 2A.
There are no other species present in significant amounts on this path-
way, and IIa directly interconverts to the native species. Furthermore,
we found that IIa readily interconverts to the native species even in the
absence of oxidative conditions and at low pH. After two-dimensional
NMR studies were performed, it became clear that IIa does not have
prolonged stability even at pH 2, as after 52 h in the NMR tube, 25% had
interconverted to native MCoTI-II (data not shown). This finding has
double significance. First, IIa under these conditions is stable enough to
perform the two-dimensional NMR experiments needed for spectral
assignment (Fig. 4), which take 24 h. Second, it is clear that, even at
low pH where the rate of disulfide formation is usually very low, the
native species is readily formed from IIa, and no other species were
present when this sample was analyzed using RP-HPLC. This finding
points to the fact that IIa converts directly into the native species.
Reductive unfolding from purified IIa features some other minor
intermediates that have been previously seen on the reductive unfolding
pathway of native MCoTI-II (Fig. 6B). Overall, IIa has a similar mecha-
nism of reductive unfolding as the native species.
Thermal Stability of the Cystine Knot in MCoTI-II—One-dimen-
sional NMR spectra of native MCoTI-II and 2CM-IIa were recorded at
a range of temperatures to compare the thermal stability of the peptides.
Solutions of both peptides were heated from 293 to 353 K and cooled
back to 293 K, and their NMR spectra were recorded at 20-degree inter-
vals. The spectra of nativeMCoTI-II at 293K before and after heating to
353 K are the same (supplemental data), showing that the molecular
scaffold is extremely stable to heating and its three-dimensional struc-
ture is preserved. The equivalent spectra for the thermal cycling of
2CM-IIa show that the amide resonances at intermediate temperatures
are broader and less dispersed than at 293 K, although again there was
recovery back to a native fold after heating. Overall, the cyclotide scaf-
FIGURE 5.Comparison of the chemical shifts of key species on the folding pathway.
A, comparison of the H chemical shifts of the native, IIa, and 2CM-IIa species. B, differ-
ences between H chemical shifts of the native MCoTI-II and IIa species. The residues
whose chemical shifts differ by0.1 ppm from the native shifts aremapped in blue on a
surface diagram of native MCoTI-II. C, differences between H chemical shifts of the
nativeMCoTI-II and 2CM-IIa. The residueswhose chemical shifts differ by0.1 ppm from
the native chemical shifts are mapped in green on a surface diagram of the native
MCoTI-II.
FIGURE 4. NMR spectra of native, IIa, and 2CM-IIa species. A, native MCoTI-II. B, IIa intermediate species. C, 2CM-IIa species. The fingerprint regions of the 80-ms TOCSY (top) and
200-ms NOESY (bottom) spectra are shown for the three species. The samples have 0.7–1.0mM protein concentration andweremeasured at 290 K and pH 2 (90%H2O, 10%D2O, and
0.1% trifluoroacetic acid). Spin systems are shown in the TOCSY spectra and sequential connectivities in the H-HN region of the NOESY spectra.
Oxidative Folding ofMCoTI-II
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fold that has a missing disulfide bond appears to be somewhat more
flexible and accesses multiple conformations on heating.
Rigidity/Amide Exchange of the CCK Motif—Hydrogen/deuterium
exchange experiments were performed on both native MCoTI-II and
2CM-IIa. Freeze-dried samples of both species were dissolved in D2O,
and the disappearance of peaks in the amide region was monitored by
one- and two-dimensional 1H-NMR spectroscopy. A representative set
of spectra for each species is shown in Fig. 7. Remarkably, the spectrum
for the native species after 13 days shows at least 10 resonances that have
not exchanged, whereas the corresponding spectrum of the capped
intermediate shows only traces of one or two overlapped resonances.
This indicates that the hydrogen-bonding network in the two-disulfide
intermediate is not as strong as in the native species. However, the
two-disulfide species still adopts a native-like fold, as can be seen from
the spectra after 3 h of dissolution in D2O, where the difference
between the two peptides is not as striking.
To examine the amide exchange in more detail, we determined the
rate constants for the exchange of all of the amide protons in both
species by integrating the cross-peaks in TOCSY spectra and plotting
their volumes against time. The results are mapped on surface repre-
sentations of the native protein in Fig. 8. The regions highlighted in green
have rate constants0.001 min1 and are the most resistant to hydro-
gen exchange. It is clear that, with the exception of a few residues, these
regions are in the same locations of the protein backbone in both spe-
cies. The missing disulfide Cys1-Cys18 does not disrupt the overall
hydrogen-bonding network of the scaffold, but both cysteine residues
that are involved in making this disulfide bond exchange faster with the
solvent in the two-disulfide species. Indeed there is a general loosening
of the hydrogen-bonding network, as is most apparent from an increase
in the number of amides that are in moderate exchange in native
MCoTI-II (Fig. 8, light magenta) but are in fast exchange in the inter-
mediate (magenta), such as Leu5 and Arg10. Overall, the two-disulfide
intermediate appears to have a similar structure but a weakened hydro-
gen-bonding network relative to the native form.
DISCUSSION
In the past, the oxidative folding pathways of single-domain three-
disulfide proteins have generally been characterized in terms of the
number of species present on the pathway and their disulfide content
(12, 14, 15, 17). In the current study, we focused on a new class of protein
that is characterized by a unique structural motif involving a head-to-
tail macrocyclic backbone and a cystine knot. The results show that the
oxidative folding pathway ofMCoTI-II has only onemajor intermediate
present (IIa). The disulfides and three-dimensional structure of this
intermediate are native-like, and it appears to be the immediate precur-
sor of the native species. It is remarkable that the complex knotted
structure of the cyclotides is able to form so efficiently. This efficiency
occurs despite, or even perhaps because of, the presence of the cyclic
backbone.
Our study of the reductive unfolding of MCoTI-II showed that the
disulfide bonds are not stabilized in an interdependent, concerted fash-
ion, as has been seen for some other cystine knot proteins (14, 38).
Rather, reductive unfolding involves several intermediate species,
among them the one observed in oxidative folding (IIa). The fact that we
are able to reduce MCoTI-II partially (to form the native-like two-dis-
ulfide intermediate) means that the disulfides in this cyclotide are inde-
pendently stabilized and have different degrees of solvent accessibilities.
A similar observation is made when IIa is subjected to reductive unfold-
FIGURE 6. Oxidative folding and reductive
unfolding of IIa. A, time-resolved RP-HPLC traces
of oxidative folding starting from purified species
IIa species (conditions: 0.1 mg/ml protein, 0.1 M
NH4OAc, 2mM reduced glutathione, pH 8.5, 25 °C).
B, time-resolved RP-HPLC traces of reductive
unfolding starting from purified IIa species (condi-
tions: 0.1 mg/ml IIa, 0.05 M NH4HCO3, 75 mM DTT,
pH 8.0, 25 °C). N refers to native MCoTI-II peptide
and R to fully reduced and cyclic peptide.
FIGURE 7. Hydrogen/deuterium exchange of
the amide protons of native MCoTI-II and its
folding intermediate. Amide regions of one-di-
mensional 1H-NMR spectra of native MCoTI-II (A)
and 2CM-IIa species (B). Freeze-dried samples of
these two species were dissolved in 99.9% D2O
and 0.1% trifluoroacetic acid and their NMR spec-
tra measured at 290 K over time.
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ing; several intermediates are detected on its reductive pathway apart
from the fully reduced peptide, which emphasizes that the two native
disulfides in this species are also independently stabilized.
The conversion of IIa to the native peptide appears to be the rate-
determining step in the oxidative folding of MCoTI-II. This intermedi-
ate is stabilized to an extent that it prevails over the formation of other
intermediate species, including three-disulfide non-native intermedi-
ates that have been seen in other studies of oxidative folding (13). The
interesting question is why is it stabilized kinetically with respect to the
formation of native MCoTI-II? The stability of this intermediate, as
judged by its relative abundance, suggests that it is of low energy, and
because it folds directly to the native species, it must have a reasonably
simple pathway for this conversion. However, the energy barrier of this
pathway must be sufficiently high for the intermediate to be kinetically
detected along with the native state. The main contributions to the
energy barrier are most likely associated with the oxidation of the two
thiol groups and the minor rearrangement in three-dimensional struc-
tural features to orientate the side chains bearing the thiols into imme-
diate proximity of each other.
MCoTI-II is a member of the trypsin inhibitor subfamily of cycloti-
des. The oxidative folding of a cyclotide from another subfamily, kalata
B1, shows some similarities to the pathway described here forMCoTI-II
(33). Both oxidative folding pathways have a main intermediate that
accumulates and then declines, and in both cases, it is a native-like
two-disulfide species missing the I-IV disulfide of the CCK. However,
the difference between these pathways is that the MCoTI-II intermedi-
ate IIa is a direct precursor of the native protein, whereas in kalata B1,
the intermediate does not lead directly to native product and requires
disulfide shuffling for eventual formation of the cystine knot (26–28).
Native-like intermediates that are direct precursors of the corre-
sponding native proteins have been observed in a number of different
FIGURE 8.Mapping of amide exchange rates of MCoTI-II and its intermediate onto
three-dimensional structures. Surface representation of native MCoTI-II (A) and 2CM-
IIa species (B), color-coded according to the hydrogen/deuterium exchange rates
extracted from two-dimensional TOCSY spectra taken after the dissolution of these spe-
cies in 99.9%D2Oand0.1% trifluoroacetic acid at 290K. Thebrightmagenta regions have
the fastest exchange rates (1000min1 1000*kex 10min
1) for the amide protons,
the lighter pinkhave intermediate rates (10min1 1000*kex 1min
1), and the green
regions have the slowest rates of exchange (1 min1 S1000*kex), where kex is the
exchange constant obtained by assuming a first order exponential decay process for
hydrogen/deuterium exchange. A few residues are labeled for comparison.
FIGURE 9. Summary of the oxidative folding pathways in cyclic cystine knot and related proteins. The oxidative folding pathways of MCoTI-II, EETI-II, and kalata B1 are
summarized, and a schematic representation of the size of the cystine knot rings embedded in their cores is given. MCoTI-II and EETI-II are cystine knot squash trypsin inhibitors, and
they share the property that the main folding intermediate with two native disulfides is a direct precursor of the native protein. By contrast, for kalata B1, which has a cyclic cystine
knot motif similar to MCoTI-II and also has a native-like intermediate, this intermediate is not a direct precursor of the native protein. The ring of the cystine knot embedded in the
structures differs in the various structures, with EETI-II andMCoTI-II having a ringmade up of 11 residues, whereas kalata B1 only has 8 residues in the ring. The backbone sequences
of the rings are indicated, with the upper part of the ring corresponding to loop 1 and the lower part to loop 4 of the cyclotides.
Oxidative Folding ofMCoTI-II
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cystine knots and other three- and four-disulfide proteins, including, for
example, the trypsin inhibitor EETI-II, which also shares high sequence
and structural similarity with MCoTI-II (16, 33). Both EETI-II and
MCoTI-II have 11 residues embedded in the backbone ring that form in
the core of the cystine knot, whereas kalata B1 has only eight residues
because of a shorter loop 1, as illustrated in Fig. 9. The difference in ring
size appears to be a major factor in the difference in folding pathways.
The larger cystine knot ring for MCoTI-II means that the disulfide
bonds are more separated in space and hence can adopt a more inde-
pendent character in their oxidation or reduction.
In terms of reductive unfolding, kalata B1 has a so-called “all or none”
mechanism at high pH, and having no intermediates on its reductive
unfolding pathway, stabilizes its disulfides in a concerted, interdepen-
dent manner. This is likely why there is a large barrier between the
native protein and the low energy, but non-productive, intermediate
that accumulates during folding. This intermediate needs to unfold to a
one-disulfide species to undergo oxidation to the correct disulfide pat-
tern, reinforcing the notion about the interdependence of its disulfides.
By contrast, MCoTI-II stabilizes its disulfides in an independent man-
ner (as seen from its reductive unfolding, where one disulfide can be
reduced although keeping the other intact). This is also why the energy
barrier between IIa of MCoTI-II and that of the native species is much
lower; the disulfide bonds in this protein are independently stabilized
and hence the native-like IIa species can proceed directly to the native
state.
Cyclotides are, in general, very stable molecules, resistant to proteo-
lytic, chemical, and thermal degradation, and their reduction at low pH
(far from the pKa of cysteine residues) is not as effective as their reduc-
tion at high pH. MCoTI-II essentially does not produce any reduced
protein when subjected to reduction with tris(2-carboxyethyl)phos-
phine hydrochloride at pH3 for over 8 h, whereas at pH 8, the reduced
protein accumulates to 99% in just 30 min. Interestingly, intermedi-
ates are observed upon reductive unfolding of kalata B1 at low pH,
although at very low concentrations, and again this highlights the dif-
ferences in how the disulfide bonds are stabilized for kalata B1 and
MCoTI-II.
Oxidative folding has nowbeen studied for representatives of all three
subfamilies of cystine knots, namely the inhibitory cystine knots (12, 14,
15), the growth factor knots (36, 37), and the cyclic cystine knot (20), and
the present study is the first report on the oxidative folding of a repre-
sentative of the trypsin inhibitor subfamily of CCK. Some studies have
reported that the cystine knot is either necessary for folding or has a role
in directing the folding (36, 37), but that it is not required for the overall
thermodynamic stability of the protein (37). Several reports have also
emphasized that the cystine knot is a structural feature that governs the
exceptional thermal (as opposed to thermodynamic) stability of pro-
teins containing it (22, 37). The results of the current study, combined
with previous reports, shows that one group of cystine knot proteins
features concerted stabilization, interdependence of disulfide bonds,
and the presence of non-native disulfide species on the folding pathway
(14, 38). Other cystine knots, such as EETI-II (16) and MCoTI-II
described in this paper, show independent stabilization of disulfides and
the presence of native-like two-disulfide intermediate species.
The key features of the folding pathways of MCoTI-II, EETI-II, and
kalata B1 are compared in Fig. 9. Apart from the cystine knot embedded
in these three peptides, they all have a topologically equivalent two-
disulfide intermediate with two (CysII–CysV and CysIII–CysVI) native
disulfide bonds on their oxidative folding pathways. MCoTI-II and
EETI-II traverse this same intermediate upon reductive unfolding.
Clearly, the major differences between these peptides are the size of the
cystine knot and the presence or absence of the cyclic backbone. Given
that the folding pathways and indeed the sequences of MCoTI-II and
EETI-II are more similar to each other than to kalata B1, it appears that
it is not the cyclic backbone that is responsible for the differences in the
folding pathways. Rather, the size of the embedded ring of cystine knot
appears to be crucial for determining the way the disulfide bonds are
stabilized.
In summary, cyclotides from different subfamilies, MCoTI-II and
kalata B1, possess a common feature of having a native-like folding
intermediate. However, despite the similarities in structures of the two
cyclotides, the disulfide bonds are stabilized by different mechanisms,
and the size of the cystine knot appears to be important for the produc-
tivity and efficacy of the folding process. Larger rings of the cystine knot
directly contribute to the independence of disulfides in the native spe-
cies and favor an on-pathway-native intermediate species that has a
smaller energy barrier to cross to form the native state. Hence, a larger
knot in a ring means a more direct and less bumpy road to the low
energy native state.
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SUPPLEMENTARY DATA 
 
 
 
 
 
 
 
Supplementary data: Thermal stability of the components of the cystine knot. Amide regions of one 
dimensional 1H NMR spectra of native MCoTI-II (A) and 2CM-IIa species (B) at different temperatures. The 
solutions have 0.7-1.0 mM protein concentration and were measured at pH 2 (90% H2O, 10% D2O and 0.1% 
TFA).  The solutions were heated from 293 K to 353 K and cooled down to 293 K again. 
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